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Introduction {#jon12770-sec-0010}
============

Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) infection was initially thought to only cause a respiratory illness.[^1^](#jon12770-bib-0001){ref-type="ref"} However, two reports have been recently published of patients with ischemic strokes in the setting of corona virus disease 2019 (COVID‐19).[^2^](#jon12770-bib-0002){ref-type="ref"}, [^3^](#jon12770-bib-0003){ref-type="ref"} The first report[^2^](#jon12770-bib-0002){ref-type="ref"} from Wuhan describes strokes associated with anticardiolipin antibodies, a known risk factor for blood clots and stroke.[^4^](#jon12770-bib-0004){ref-type="ref"} The second report[^3^](#jon12770-bib-0003){ref-type="ref"} from New York City describes strokes in young patients, associated with clots in large vessels supplying the brain requiring vacuum aspiration devices or clot retrieval devices and blood thinning medications. This raises the question, whether SARS‐CoV‐2 causes a blood clotting disorder and uses the respiratory route mainly for human‐to‐human transmission to enter the blood stream.

ACE2 Receptors: Key to the Lock {#jon12770-sec-0020}
===============================

SARS‐CoV‐2 shares nearly 80% of its genome to the initial SARS‐CoV,[^1^](#jon12770-bib-0001){ref-type="ref"} with a similar trimeric viral spike protein (key) that uses the same human cell entry receptor (lock)---angiotensin converting enzyme II (ACE2).[^5^](#jon12770-bib-0005){ref-type="ref"} ACE2 receptors are found across the body including the alveolar cells within lungs as well as endothelial cells within blood vessels, namely, the arteries, capillaries, and veins.[^6^](#jon12770-bib-0006){ref-type="ref"}, [^7^](#jon12770-bib-0007){ref-type="ref"} To cause blood clots that can lead to strokes, SARS‐CoV‐2 needs to first enter the blood stream, then attach to the ACE2 receptors on the endothelial cells. Serological investigation shows that SARS‐CoV‐2 does enter the blood stream and is present in blood samples of COVID‐19 patients.[^8^](#jon12770-bib-0008){ref-type="ref"} Postmortem and histologic analysis of COVID‐19 patients have recently shown the presence of SARS‐CoV‐2 within endothelial cells that results in endothelial dysfunction, and a cascade of events that can lead to a procoagulant state and blood clots.[^7^](#jon12770-bib-0007){ref-type="ref"} How does SARS‐CoV‐2 enter the blood stream in the first place?

Breaching the Blood‐Air Barrier {#jon12770-sec-0030}
===============================

SARS‐CoV‐2 enters the body predominantly via the respiratory route (Fig [1A](#jon12770-fig-0001){ref-type="fig"}). As long as SARS‐CoV‐2 is contained within the upper respiratory tract or the lower respiratory tract, namely, the alveoli within the lungs, it causes a respiratory illness like a mild flu in 81% and a moderate to severe pneumonia in 14% of COVID‐19 patients.[^9^](#jon12770-bib-0009){ref-type="ref"} However, SARS‐CoV‐2 infection within the alveolar cells lining the alveolar membrane and the subsequent host inflammatory response can damage this thin membrane resulting in a critical illness in 5% of COVID‐19 patients.[^9^](#jon12770-bib-0009){ref-type="ref"}, [^10^](#jon12770-bib-0010){ref-type="ref"} This thin membrane interface between the alveolus in the lungs and the adjacent lung capillary is also called the blood‐air barrier. When the blood‐air barrier is breached, SARS‐CoV‐2 can enter the lung capillary that is adjacent to the alveolus (Fig [1B](#jon12770-fig-0001){ref-type="fig"}). Because SARS‐CoV‐2 is less than 150 nm (≤.15 microns) in diameter,[^7^](#jon12770-bib-0007){ref-type="ref"} it can easily pass through the lung capillaries that are 5,000‐8,000 nm (5‐8 microns) in diameter,[^11^](#jon12770-bib-0011){ref-type="ref"} and enter the left side of the heart to be pumped all over the body including the brain. This allows SARS‐CoV‐2 to enter the blood stream,[^8^](#jon12770-bib-0008){ref-type="ref"} and the spike protein (key) can attach to the ACE2 receptors (lock) across the body including endothelial cells within blood vessels (Fig [1C](#jon12770-fig-0001){ref-type="fig"}).[^7^](#jon12770-bib-0007){ref-type="ref"} How does SARS‐CoV‐2 then lead to endothelial dysfunction and blood clots?

![Coronavirus disease 2019 (COVID‐19), blood clots, and stroke---mechanisms and therapeutic implications: In **Panel A**, severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) enters the body predominantly via the respiratory route. In **Panel B**, SARS‐CoV‐2 breaches the blood‐air barrier, and enters the blood stream via the lung capillary that is adjacent to the alveolus. In **Panel C**, once SARS‐CoV‐2 enters the blood stream, the spike protein (key) can attach to angiotensin‐converting enzyme 2 (ACE2) receptors (lock) across the body including endothelial cells in neck or brain blood vessels. Mechanisms of blood clots and stroke in COVID‐19: In **Panel D**, a cascade of events unfolds resulting in blood clots and strokes. In Step 1, endothelial dysfunction can occur either directly by viral entry into the endothelial cell or indirectly with the accumulation of Angiotensin (Ang) II as SARS‐CoV‐2 attaches to ACE2 and is not able to convert Ang II to Ang 1,7. Ang II can result in reactive oxygen species (ROS), oxidative stress, and endothelial dysfunction. In Step 2, oxidation of beta 2 glycoprotein 1 (β~2~GP1) occurs due to endothelial dysfunction and ROS, and results in the formation of antiphospholipid (aPL) antibody complexes. In Step 3, platelet adhesion occurs and platelets attach to the subendothelial collagen using von Willebrand Factor (vWF). This happens because the non‐oxidized β~2~GP1 is no longer available to competitively bind vWF. In Step 4, platelet activation occurs due to platelets binding to vWF resulting in granule release (α and dense) and the presence of aPL complexes further promotes platelet activation. In Steps 5‐7, platelet aggregation using vWF or fibrinogen (released by α granules), formation of thrombus via the coagulation cascade, and subsequent cross‐linking of fibrin strands to stabilize the clot occur. In Step 8, a pulmonary embolism (PE) and/or a large vessel occlusion stroke occurs. Therapeutic implications: In **Panel E**, several blood thinners like antiplatelet drugs can impact Steps 4 and 5 (eg, oral aspirin, oral clopidogrel, etc), antithrombotic drugs can impact Step 6 (antithrombin III binding agent, eg, parenteral heparin, vitamin K antagonist, eg, oral warfarin, newer direct Xa or thrombin inhibitors, etc), and fibrinolytic drugs can impact Step 7 (eg, intravenous tissue plasminogen activator or tenecteplase, etc). Several catheter‐based devices (approved in Europe, and cleared to market in the United States) can impact Step 8 (eg, clot retrieval devices that try to use clot integration, continuous vacuum aspiration pumps, and devices that try to use uniform negative suction pressure to ingest clots) or newer devices (approved in Europe) can impact Step 8 (eg, cyclical vacuum aspiration pumps and devices that use pulsating negative suction pressure to improve complete clot ingestion and reduce clot fragmentation), help remove blood clots, and treat PE and large vessel strokes.](JON-9999-na-g001){#jon12770-fig-0001}

Plausible Mechanisms for Blood Clots in COVID‐19 {#jon12770-sec-0040}
================================================

Once SARS‐CoV‐2 enters the blood stream, a cascade of events unfolds resulting in blood clots and strokes (Fig [1D](#jon12770-fig-0001){ref-type="fig"}, Steps 1‐8). After attaching to the ACE2 receptor on endothelial cells in the presence of a serine protease (TMPRSS‐2),[^5^](#jon12770-bib-0005){ref-type="ref"} SARS‐CoV‐2 enters the endothelial cell to replicate and release numerous copies of itself,[^10^](#jon12770-bib-0010){ref-type="ref"} and in the process endothelial dysfunction occurs (Fig [1D](#jon12770-fig-0001){ref-type="fig"}, Step 1---direct injury).[^7^](#jon12770-bib-0007){ref-type="ref"} In parallel, as SARS‐CoV‐2 is attached to ACE2,[^5^](#jon12770-bib-0005){ref-type="ref"} ACE2 is not available within the renin‐angiotensin system to convert angiotensin II (Ang II) to angiotensin‐(1,7) resulting in Ang II to accumulate.[^12^](#jon12770-bib-0012){ref-type="ref"} Ang II stimulates membrane‐bound nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, which in turn generates reactive oxygen species (ROS) and oxidative stress[^13^](#jon12770-bib-0013){ref-type="ref"}; this can also lead to endothelial dysfunction (Fig [1D](#jon12770-fig-0001){ref-type="fig"}, Step 1---indirect injury).[^12^](#jon12770-bib-0012){ref-type="ref"}

The presence of reactive oxygen species assists in the transformation of a circulating, nonoxidized, circular‐shaped β~2~‐glycoprotein 1 (β~2~GP1) into an oxidized J‐shape (Fig [1D](#jon12770-fig-0001){ref-type="fig"}, Step 2).[^14^](#jon12770-bib-0014){ref-type="ref"} This J‐shape of β2GP1 exposes its immunogenic domain I and is the antigen that binds to antiphospholipid (aPL) antibodies such as anticardiolipin, lupus anticoagulant, and anti‐β~2~GP1 antibodies.[^15^](#jon12770-bib-0015){ref-type="ref"} Domain V of β~2~GP1 (+ charge) binds with the phospholipid layer (-- charge) of platelets[^15^](#jon12770-bib-0015){ref-type="ref"} or endothelial cells via Annexin.[^4^](#jon12770-bib-0004){ref-type="ref"}

Three things happen at this stage. First, the primary mechanisms by which endothelial cells prevent a platelet plug (eg, via nitric oxide, prostacyclins, and ADPase CD39) are overcome because of endothelial dysfunction.[^16^](#jon12770-bib-0016){ref-type="ref"} Second, platelet adhesion begins at the site of endothelial dysfunction with von Willebrand factor (vWF) binding with subendothelial collagen and platelets (via GPIb) as the nonoxidized form of β~2~GP1 is no longer available to competitively bind vWF (Fig [1D](#jon12770-fig-0001){ref-type="fig"}, Step 3).[^15^](#jon12770-bib-0015){ref-type="ref"} Third, oxidized β~2~GP1 and aPL antibody complex is stabilized by platelet factor 4 (PF4) released from alpha (α) granules within platelets and promotes platelet activation (Fig [1D](#jon12770-fig-0001){ref-type="fig"}, Step 4).[^15^](#jon12770-bib-0015){ref-type="ref"} The α granules also release vWF and fibrinogen. The dense granules within platelets release adenosine diphosphate (ADP; acts on P2YP~12~ receptor) and thromboxane A2 (TXA2; a COX‐1 metabolite).

This further promotes platelet aggregation (via GPIIb/IIIa),[^16^](#jon12770-bib-0016){ref-type="ref"} neutrophil extracellular traps (an ideal foundation for binding activated platelets and red blood cells),[^17^](#jon12770-bib-0017){ref-type="ref"} coagulation cascade,[^16^](#jon12770-bib-0016){ref-type="ref"} formation of cross‐linked fibrin blood clots,[^16^](#jon12770-bib-0016){ref-type="ref"} and subsequently leads to large vessel strokes (Fig [1D](#jon12770-fig-0001){ref-type="fig"}, Steps 5‐8).[^3^](#jon12770-bib-0003){ref-type="ref"}, [^12^](#jon12770-bib-0012){ref-type="ref"}

Blood Clots in COVID‐19 Patients {#jon12770-sec-0050}
================================

Among hospitalized COVID‐19 patients in New York City (*n* = 5,700), nearly 9 out of 10 (88%) patients who were on ventilators died.[^18^](#jon12770-bib-0018){ref-type="ref"} This cannot be accounted for by acute respiratory distress syndrome (ARDS) alone. In a report from Italy, only 20‐30% of critically ill COVID‐19 pneumonia patients had ARDS (low lung compliance, type 2), the rest had a ventilation‐perfusion mismatch due to impaired pulmonary blood flow most likely from pulmonary thrombosis or clots (near normal lung compliance, type 1).[^19^](#jon12770-bib-0019){ref-type="ref"}

In a report from Wuhan, 90% of hospitalized COVID‐19 patients had coagulopathy (without bleeding) with an 18‐fold increase in mortality when d‐dimer level was \>1 µg/mL.[^20^](#jon12770-bib-0020){ref-type="ref"} A procoagulant state with aPL antibodies occurs.[^2^](#jon12770-bib-0002){ref-type="ref"}, [^4^](#jon12770-bib-0004){ref-type="ref"}, [^21^](#jon12770-bib-0021){ref-type="ref"}, [^22^](#jon12770-bib-0022){ref-type="ref"}, [^23^](#jon12770-bib-0023){ref-type="ref"} In a report from London, 91% of COVID‐19 patients with a prolonged activated partial‐thromboplastin time had positive lupus anticoagulant (aPL antibody) assays.[^21^](#jon12770-bib-0021){ref-type="ref"}

Clots in the brain (strokes),[^2^](#jon12770-bib-0002){ref-type="ref"}, [^3^](#jon12770-bib-0003){ref-type="ref"}, [^22^](#jon12770-bib-0022){ref-type="ref"}, [^23^](#jon12770-bib-0023){ref-type="ref"} heart (heart attacks),[^24^](#jon12770-bib-0024){ref-type="ref"} lungs (pulmonary emboli),[^25^](#jon12770-bib-0025){ref-type="ref"} gut (mesenteric ischemia),[^7^](#jon12770-bib-0007){ref-type="ref"} and legs (limb ischemia)[^26^](#jon12770-bib-0026){ref-type="ref"} have also been reported. The clinical significance of blood clotting in COVID‐19 patients was reported in a Dutch study (*n* = 184), wherein the incidence of blood clotting complications, namely, the composite outcome of symptomatic acute pulmonary embolism (PE), deep‐vein thrombosis, ischemic stroke, myocardial infarction, or systemic arterial embolism, in all COVID‐19 patients admitted to the intensive care unit (ICU) was high (31%) with PE being the most frequent blood clotting complication.[^25^](#jon12770-bib-0025){ref-type="ref"}

Incidence of Strokes in COVID‐19 Patients {#jon12770-sec-0060}
=========================================

Despite the high incidence of blood clots leading to PE among COVID‐19 patients in the ICU,[^25^](#jon12770-bib-0025){ref-type="ref"} the incidence of ischemic strokes among hospitalized COVID‐19 patients seems to be lower and variable.[^27^](#jon12770-bib-0027){ref-type="ref"}, [^28^](#jon12770-bib-0028){ref-type="ref"}, [^29^](#jon12770-bib-0029){ref-type="ref"} Similar to a report from Wuhan (*n* = 4/214, 1.87%),[^29^](#jon12770-bib-0029){ref-type="ref"} a recent report from New York showed a 1.8% incidence rate of ischemic stroke (*n* = 31/1,683; 95% confidence interval \[CI\], 1.3‐2.6%\] among all COVID‐19 hospitalized patients in an 8‐week period between March 4 to May 2, 2020 (during the early phase and the initial surge phase).[^27^](#jon12770-bib-0027){ref-type="ref"} Another report from New York showed a .9% incidence rate of imaging proven ischemic stroke (*n* = 32/3,556) among all COVID‐19 hospitalized patients in a 4‐week period between March 15, 2020 and April 19, 2020 (during the initial surge phase).[^28^](#jon12770-bib-0028){ref-type="ref"} Given that the stay at home order was issued in New York on March 22, 2020 during the study period, it is possible that these reports may under estimate the incidence of ischemic stroke in COVID‐19 as patients may have been staying at home and not presenting to the emergency department for stroke treatment.[^28^](#jon12770-bib-0028){ref-type="ref"} This reduction in stroke admissions is reiterated in a nationwide analysis of data (*n* = 231,753 patients), on patients who underwent neuroimaging studies for stroke in 856 hospitals in the United States, which showed a 39% reduction in the number of patients who received evaluations for acute stroke in a 2‐week period between March 26, 2020 and April 8, 2020 (during the initial surge phase) compared to the prepandemic era.[^30^](#jon12770-bib-0030){ref-type="ref"} Similar reductions in stroke admissions due to a possible "bystander effect" have been reported in Michigan and Northwest Ohio (17.8% reduction in March 2020 compared to February 2020),[^31^](#jon12770-bib-0031){ref-type="ref"} and in Tehran, Iran (40% reduction between February 15, 2020 and April 15, 2020 compared to the period between September 15, 2019 and February 15, 2020).[^32^](#jon12770-bib-0032){ref-type="ref"}

On the other hand, inpatient mortality was higher (32%[^27^](#jon12770-bib-0027){ref-type="ref"} to 63.6%[^28^](#jon12770-bib-0028){ref-type="ref"}) among patients with COVID‐19 with ischemic stroke compared to COVID‐19 patients without ischemic stroke (9.3%[^28^](#jon12770-bib-0028){ref-type="ref"} to 14%[^27^](#jon12770-bib-0027){ref-type="ref"}) suggesting that the severity of illness is much higher in COVID‐19 patients with ischemic strokes.[^32^](#jon12770-bib-0032){ref-type="ref"} Due to the pandemic, it is also possible that some patients with undiagnosed COVID‐19 and stroke may have died before reaching the hospital (out‐of‐hospital mortality) thereby further under estimating the incidence of ischemic stroke in COVID‐19.[^27^](#jon12770-bib-0027){ref-type="ref"} This increase in out‐of‐hospital mortality during the COVID‐19 pandemic is reiterated in a population‐based report from Paris and its suburbs, which has shown a twofold increase in the incidence of out‐of‐hospital cardiac arrest from 13.42 (95% CI, 12.77‐14.07) to 26.64 (95% CI, 25.72‐27.53) in a 6‐week period between March 16, 2020 and April 26, 2020 (during the surge phase, Paris Lockdown began March 17) compared to the prepandemic era.[^33^](#jon12770-bib-0033){ref-type="ref"}

Preceding viral infection can be a risk factor for ischemic stroke as thromboinflammatory pathways may be perturbed.[^34^](#jon12770-bib-0034){ref-type="ref"} Coagulopathy and aPL antibodies (such as anticardiolipin, lupus anticoagulant, and anti‐β~2~GP1 antibodies) in patients with COVID‐19 may contribute to thromboembolic events including ischemic strokes.[^2^](#jon12770-bib-0002){ref-type="ref"}, [^22^](#jon12770-bib-0022){ref-type="ref"}, [^23^](#jon12770-bib-0023){ref-type="ref"} Ischemic strokes in patients with coronavirus infection have been reported from cities worldwide during prior viral epidemics such as due to SARS‐CoV1 (eg, Singapore[^35^](#jon12770-bib-0035){ref-type="ref"}), as well as the current viral pandemic due to SARS‐CoV‐2 (eg, Wuhan \[China\][^2^](#jon12770-bib-0002){ref-type="ref"}, [^29^](#jon12770-bib-0029){ref-type="ref"}; London \[United Kingdom\][^22^](#jon12770-bib-0022){ref-type="ref"}; Trevenans, Strasbourg, and Paris \[France\][^23^](#jon12770-bib-0023){ref-type="ref"}, [^36^](#jon12770-bib-0036){ref-type="ref"}, [^37^](#jon12770-bib-0037){ref-type="ref"}; Leiden, Rotterdam, and Breda \[the Netherlands\][^25^](#jon12770-bib-0025){ref-type="ref"}; Brescia and Udine \[Italy\][^38^](#jon12770-bib-0038){ref-type="ref"}; New York \[New York, USA\][^3^](#jon12770-bib-0003){ref-type="ref"}, [^27^](#jon12770-bib-0027){ref-type="ref"}, [^28^](#jon12770-bib-0028){ref-type="ref"}, [^39^](#jon12770-bib-0039){ref-type="ref"}, [^40^](#jon12770-bib-0040){ref-type="ref"}, [^41^](#jon12770-bib-0041){ref-type="ref"}, [^42^](#jon12770-bib-0042){ref-type="ref"}, [^43^](#jon12770-bib-0043){ref-type="ref"}; Philadelphia \[Pennsylvania, USA\][^44^](#jon12770-bib-0044){ref-type="ref"}, [^45^](#jon12770-bib-0045){ref-type="ref"}, [^46^](#jon12770-bib-0046){ref-type="ref"}; Detroit \[Michigan, USA\][^47^](#jon12770-bib-0047){ref-type="ref"}; Michigan and Northwest Ohio \[USA\][^31^](#jon12770-bib-0031){ref-type="ref"}; and Tehran \[Iran\][^32^](#jon12770-bib-0032){ref-type="ref"}). This suggests that the thrombotic complications leading to ischemic strokes in COVID‐19 patients are not isolated events but do occur worldwide. Further research is needed to truly understand the population‐based incidence as well as the incidence of large vessel strokes in hospitalized patients with COVID‐19.

Neuroimaging Findings in COVID‐19 Stroke Patients {#jon12770-sec-0070}
=================================================

A recent report from Iran suggests that although the number of stroke admissions have reduced during the pandemic, the proportion of stroke patients with COVID‐19 who had large vessel occlusions (LVOs) on neuroimaging was higher (38.7%) during this pandemic (February 15, 2020 to April 15, 2020), compared to 26.6% in stroke patients without COVID‐19 during the immediate period preceding the pandemic (September 15, 2019 to February 15, 2020), and 14% during the previous year (February 15, 2019 to April 15, 2019) (*P* = .046).[^32^](#jon12770-bib-0032){ref-type="ref"} Similar results from Philadelphia (USA) have shown that although there was a 23% reduction in stroke admissions during the pandemic (March 15, 2020 to April 30, 2020), there has been a 50% increase in mechanical thrombectomy procedures for LVOs during the same period (with 25% of these thrombectomy procedures for LVOs being in patients with COVID‐19) compared to prior years.[^46^](#jon12770-bib-0046){ref-type="ref"}

In a report from Philadelphia (USA), stroke patients with COVID‐19 have been reported with blood clots in the arteries (LVOs) or the veins (Cerebral Venous Sinus Thrombosis, CVST).[^46^](#jon12770-bib-0046){ref-type="ref"} Stroke‐causing blood clots in COVID‐19 patients have also been reported to have higher proportion of tandem occlusions or multiple arterial occlusions (67%) on angiography compared with historical controls (15%).[^46^](#jon12770-bib-0046){ref-type="ref"}, [^47^](#jon12770-bib-0047){ref-type="ref"} Similar results were reported from Paris (France), where nearly 50% of stroke patients with COVID‐19 had multi‐territory LVOs.[^37^](#jon12770-bib-0037){ref-type="ref"} In a report from Detroit (Michigan, USA), intraluminal carotid artery thrombus was noted in stroke patients with COVID‐19 (*n* = 6) superimposed on an underlying carotid artery stenosis at the cervical internal carotid artery bifurcation detected on computed Tomography (CT) angiography associated with an artery‐to‐artery thromboembolism in nearly 50% of the patients (from the thrombus in the cervical carotid artery to an intracranial LVO location).[^47^](#jon12770-bib-0047){ref-type="ref"} Reports from Paris, New York, and Philadelphia, have shown that the location of the LVOs identified on angiography have included both proximal LVOs in the carotid, proximal segment of the middle cerebral artery (M1), or basilar artery, as well as distal LVOs in the anterior cerebral artery, distal segment of the middle cerebral artery (M2), or posterior cerebral arteries.[^37^](#jon12770-bib-0037){ref-type="ref"}, [^43^](#jon12770-bib-0043){ref-type="ref"}, [^46^](#jon12770-bib-0046){ref-type="ref"}

First Pass Effect is Lower in COVID‐19 Stroke Patients {#jon12770-sec-0080}
======================================================

Large‐vessel strokes (LVOs) have a poor natural history with a high mortality (modified ranking score \[mRS\] = 6 \[41.9%\]) and low rate of good functional outcomes (mRS = 0‐2 \[20.7%\]).[^48^](#jon12770-bib-0048){ref-type="ref"} Complete vessel reopening based on the Thrombolysis in Cerebral Infarction (TICI) scale (TICI 3, wherein TICI 0 is complete vessel occlusion and TICI 3 is complete vessel re‐opening) in the very first operative attempt during thrombectomy, also known as the TICI 3 first pass effect (FPE) has become the gold standard metric for a successful thrombectomy in patients with large vessel strokes.[^49^](#jon12770-bib-0049){ref-type="ref"} This is because TICI 3 FPE is associated with the lowest mortality (mRS = 6 \[16.3%\]) and the best good functional outcomes (mRS = 0‐2 \[61.3%\]), compared to other angiographic metrics.[^49^](#jon12770-bib-0049){ref-type="ref"} In a recent report from Paris (France) during the pandemic between March 1, 2020 and April 15, 2020, despite a 90% partial vessel reopening in multiple passes (any TICI 2b or greater, median number of 3.5 passes per patient), none of the large vessel stroke patients with COVID‐19 who underwent mechanical thrombectomy for LVOs had a complete vessel reopening after the first pass (TICI 3 FPE = 0%, *n* = 0/10).[^37^](#jon12770-bib-0037){ref-type="ref"} In contrast, LVO stroke patients without COVID‐19 in the same time period at the same institution had a 33% complete vessel reopening after the first pass (TICI 3 FPE = 33%, *n* = 9/27).[^37^](#jon12770-bib-0037){ref-type="ref"} Similarly, in a recent report from New York City during the pandemic, large vessel stroke patients with COVID‐19 who underwent mechanical thrombectomy for LVOs (using a combination of a stent retriever and continuous uniform aspiration) also had a lower first pass effect (TICI 3 FPE = 16.7%, *n* = 1/6 thrombectomies performed in different target vessel territories among 5 patients).[^39^](#jon12770-bib-0039){ref-type="ref"} This suggests that endovascular removal of thrombus from large vessel stroke patients with COVID‐19 is more difficult that noninfected patients, requiring multiple passes and significantly fewer if any complete revascularizations.[^37^](#jon12770-bib-0037){ref-type="ref"}

COVID‐19‐Associated Clots (eg, Large‐Vessel Strokes) are More Refractory and Susceptible to Rethrombosis and Reocclusions {#jon12770-sec-0090}
=========================================================================================================================

In addition, 40% of the large vessel stroke patients with COVID‐19 had an early vessel reocclusion on neuroimaging after mechanical thrombectomy suggestive of a procoagulant state in COVID‐19 resulting in high in‐hospital mortality rates (60%) and no clinical improvement among survivors.[^37^](#jon12770-bib-0037){ref-type="ref"} Figure [2](#jon12770-fig-0002){ref-type="fig"} shows an illustrative example (courtesy: Dr Andrew R. Xavier, Michigan, USA) of a cerebral angiogram (pre‐ and posttreatment, Figs [2A](#jon12770-fig-0002){ref-type="fig"} and [2B](#jon12770-bib-0002){ref-type="ref"}) in a young stroke patient (47‐year‐old gentleman) with COVID‐19 who had three (3) recurrent reocclusions of the M1 segment of the left middle cerebral artery despite thrombectomy (using a combination of a stent retriever and continuous uniform aspiration). Finally, the fourth pass had partial revascularization due to an extensive clot burden (Fig [2C](#jon12770-fig-0002){ref-type="fig"}) suggestive of a prothrombotic state with refractory platelet‐fibrin‐rich clots on histopathology (Fig [2D](#jon12770-fig-0002){ref-type="fig"}). Further research is needed to better understand the optimal thrombectomy devices to increase the TICI 3 FPE.[^49^](#jon12770-bib-0049){ref-type="ref"} Newer devices such as cyclical aspiration aid in complete clot ingestion and have shown great promise in increasing first pass recanalization and reducing distal embolization.[^50^](#jon12770-bib-0050){ref-type="ref"}

![An illustrative example of a cerebral angiogram (pretreatment, see Panel A; posttreatment, see Panel B) in a young stroke patient (47‐year‐old gentleman) with coronavirus disease 2019 who had three (3) recurrent reocclusions of the proximal segment of the left middle cerebral artery (see white arrow in Panel A) despite thrombectomy (using a combination of a stent retriever and continuous uniform aspiration) and finally on the fourth pass had partial revascularization (see white arrow in Panel B) due to an extensive clot burden (see white arrow in Panel C) suggestive of a prothrombotic state with refractory platelet‐fibrin‐rich clots on histopathology (Fig [2D](#jon12770-fig-0002){ref-type="fig"}). In Panel D, predominantly there are fibrin‐rich clots (shown as the bluish‐pink areas, see white arrows in Panel D), with interspersed cells, for example, leucocytes (see blue dots around the white arrows in Panel D), and small amounts of red blood cells (shown as the pinkish‐red areas, see black arrow in Panel D). (Courtesy: Dr Andrew R. Xavier, Michigan, USA has given permission to reproduce the figure).](JON-9999-na-g002){#jon12770-fig-0002}

Different Modalities of Thrombectomy Have a Differing Impact on the Vessel Wall and Severity of Endothelial Injury {#jon12770-sec-0100}
==================================================================================================================

It is important to understand the biological rationale for the susceptibility to rethrombosis or reocclusions discussed above. Recent reports have raised various concerns about the risk of endothelial injury while withdrawing current stent retrievers, with high radial force,[^51^](#jon12770-bib-0051){ref-type="ref"} during active strut apposition to the vessel walls.[^51^](#jon12770-bib-0051){ref-type="ref"}, [^52^](#jon12770-bib-0052){ref-type="ref"}, [^53^](#jon12770-bib-0053){ref-type="ref"} In a rabbit model of carotid artery stent retriever thrombectomy, laser‐cut stent retrievers demonstrated histological evidence of disruption and thickening of the intimal layer extending into the media.[^52^](#jon12770-bib-0052){ref-type="ref"} A comparison of endothelial damage caused by continuous uniform aspiration versus a stent retriever device after thrombectomy in a swine model showed that both techniques caused endothelial damage; however, thrombectomy with a stent retriever appeared to be more harmful to all layers of the arterial wall, particularly the endothelium.[^53^](#jon12770-bib-0053){ref-type="ref"} In a recent report from New York City during the pandemic, 40% of the large vessel stroke patients (*n* = 2/5) encountered a reocclusion of the vessel within minutes of recanalization with a stent retriever.[^39^](#jon12770-bib-0039){ref-type="ref"} This suggests that thrombectomy using current stent retrievers is more susceptible to rethrombosis, especially in COVID‐19 patients where there is endothelial dysfunction,[^7^](#jon12770-bib-0007){ref-type="ref"} as current stent retrievers may be exacerbating the endothelial inflammatory response causing the rethrombosis and reocclusions.

Given our current understanding of endothelial dysfunction in COVID‐19,[^7^](#jon12770-bib-0007){ref-type="ref"} the impact of endovascular stroke therapies on the vessel wall and endothelium becomes more relevant. In a randomized study on a rabbit model, the safety profile of cyclical aspiration compared to continuous uniform aspiration on the vessel wall including endothelium was studied.[^54^](#jon12770-bib-0054){ref-type="ref"} Cyclical aspiration was noted to have an improved safety profile at the end of the procedure with a significant reduction in persistent vasospasm (in M1 and M2 segment of the middle cerebral artery vessel equivalents) of 12.5% in the cyclical aspiration group compared to 56% in the continuous uniform aspiration group (*P* = .046).[^54^](#jon12770-bib-0054){ref-type="ref"} In the current COVID‐19 pandemic era, any form of damage or injury to the endothelium or vessel wall has clinical implications and may impact the choice of thrombectomy device for endovascular stroke therapy.

Therapeutic Implications {#jon12770-sec-0110}
========================

As seen above on angiographic neuroimaging studies, there is emerging evidence for COVID‐19 being a blood clotting disorder,[^55^](#jon12770-bib-0055){ref-type="ref"} and SARS‐CoV‐2 using the respiratory route to enter the blood stream.[^8^](#jon12770-bib-0008){ref-type="ref"} As the blood‐air barrier is breached, varying degrees of collateral damage occurs.[^2^](#jon12770-bib-0002){ref-type="ref"}, [^3^](#jon12770-bib-0003){ref-type="ref"}, [^7^](#jon12770-bib-0007){ref-type="ref"}, [^10^](#jon12770-bib-0010){ref-type="ref"}, [^19^](#jon12770-bib-0019){ref-type="ref"}, [^22^](#jon12770-bib-0022){ref-type="ref"}, [^23^](#jon12770-bib-0023){ref-type="ref"}, [^24^](#jon12770-bib-0024){ref-type="ref"}, [^25^](#jon12770-bib-0025){ref-type="ref"}, [^26^](#jon12770-bib-0026){ref-type="ref"}, [^27^](#jon12770-bib-0027){ref-type="ref"}, [^28^](#jon12770-bib-0028){ref-type="ref"}, [^29^](#jon12770-bib-0029){ref-type="ref"}, [^31^](#jon12770-bib-0031){ref-type="ref"}, [^32^](#jon12770-bib-0032){ref-type="ref"}, [^36^](#jon12770-bib-0036){ref-type="ref"}, [^37^](#jon12770-bib-0037){ref-type="ref"}, [^38^](#jon12770-bib-0038){ref-type="ref"}, [^39^](#jon12770-bib-0039){ref-type="ref"}, [^40^](#jon12770-bib-0040){ref-type="ref"}, [^41^](#jon12770-bib-0041){ref-type="ref"}, [^42^](#jon12770-bib-0042){ref-type="ref"}, [^43^](#jon12770-bib-0043){ref-type="ref"}, [^44^](#jon12770-bib-0044){ref-type="ref"}, [^45^](#jon12770-bib-0045){ref-type="ref"}, [^46^](#jon12770-bib-0046){ref-type="ref"}, [^47^](#jon12770-bib-0047){ref-type="ref"} Although antiviral and immune therapies are studied,[^10^](#jon12770-bib-0010){ref-type="ref"} the role of blood thinners in the prevention, and management of blood clots in COVID‐19 needs evaluation.[^25^](#jon12770-bib-0025){ref-type="ref"}, [^56^](#jon12770-bib-0056){ref-type="ref"}

Several blood thinners like antiplatelet drugs can impact Steps 4 and 5 (COX‐1 inhibitor, eg, oral aspirin, P2Y~12~ inhibitor, eg, oral clopidogrel etc), antithrombotic drugs can impact Step 6 (antithrombin III binding agent, eg, parenteral heparin, Vitamin K antagonist, eg, oral warfarin, newer direct Xa, or thrombin inhibitors etc), and fibrinolytic drugs can impact Step 7 (eg, intravenous tissue plasminogen activator or tenecteplase, etc) (Fig [1E](#jon12770-fig-0001){ref-type="fig"}).[^12^](#jon12770-bib-0012){ref-type="ref"}, [^16^](#jon12770-bib-0016){ref-type="ref"}, [^25^](#jon12770-bib-0025){ref-type="ref"}, [^56^](#jon12770-bib-0056){ref-type="ref"}

Several catheter‐based devices (Fig [1E](#jon12770-fig-0001){ref-type="fig"}) that are Conformité Européenne (CE) Mark approved in the European Union or cleared to market in the United States by the Food and Drug Administration (FDA) can impact Step 8 (eg, clot retrieval devices or retrievable stents that try to use clot integration, continuous vacuum aspiration pumps, and devices that try to use uniform negative suction pressure to ingest clots)[^25^](#jon12770-bib-0025){ref-type="ref"}, [^56^](#jon12770-bib-0056){ref-type="ref"}, [^57^](#jon12770-bib-0057){ref-type="ref"} or newer devices (that are CE Mark approved in the European Union; Fig [1E](#jon12770-fig-0001){ref-type="fig"}) can impact Step 8 (eg, cyclical vacuum aspiration pumps and devices that use pulsating negative suction pressure to improve complete clot ingestion and reduce clot fragmentation)[^50^](#jon12770-bib-0050){ref-type="ref"} and can help remove and treat blood clots including due to pulmonary emboli and large vessel strokes (Fig [3](#jon12770-fig-0003){ref-type="fig"}).

![An illustrative example of a cerebral angiogram (pretreatment, see Panel A; posttreatment, see Panel B) in an elderly stroke patient (82‐year‐old lady) with a basilar artery thrombus extending from the mid‐basilar artery proximal to the origin of the bilateral superior cerebellar arteries (see horizontal white arrow in Panels A‐B) to the top of the basilar artery near the bifurcation of the bilateral posterior cerebral arteries (see vertical white arrow in Panels A‐B). Patient with the basilar artery thrombus was treated with one of the newer vacuum suction devices to remove blood clots (CLEAR^TM^ Aspiration System, approved in the European Union recently). Cyclical Aspiration was performed with complete vessel reopening (TICI 3) on the first pass (Fig [3B](#jon12770-fig-0003){ref-type="fig"}) and successful removal of the basilar artery thrombus (Fig [3C](#jon12770-fig-0003){ref-type="fig"}). (Courtesy: Dr Vladimir Kalousek, Zagreb, Croatia, has given permission to reproduce the figure).](JON-9999-na-g003){#jon12770-fig-0003}

Different modalities of mechanical thrombectomy may have differing efficacy (complete vessel reopening, TICI 3 FPE) and safety profiles (impact on the vessel wall or severity of endothelial injury). This will likely impact the choice of modality for mechanical thrombectomy or endovascular stroke therapy in the COVID‐19 era.

Health Policy Implications {#jon12770-sec-0120}
==========================

We are witnessing countries worldwide in different phases of the COVID‐19 pandemic trajectory,[^58^](#jon12770-bib-0058){ref-type="ref"} and different cities even within the same country also seem to be in different phases of the COVID‐19 pandemic trajectory.[^59^](#jon12770-bib-0059){ref-type="ref"} Therefore, understanding the mechanisms of blood clotting can potentially help prevent or mitigate end organ damage beyond the respiratory illness in COVID‐19. This can help physicians, health systems, and public health policy makers better prepare for any potential surge (given the varying trajectories of this pandemic), educate the public when to seek medical care and hospitalization, and support further research to help reduce the morbidity and mortality associated with COVID‐19.

Conclusions {#jon12770-sec-0130}
===========

Given our current understanding of the mechanisms of blood clot formation in COVID‐19 and these clots being more refractory, further neuroimaging research is needed to define the complete vessel reopening rates on angiography in the first operative attempt (TICI 3 on first pass) and the optimal modality for mechanical thrombectomy or endovascular stroke therapy in the COVID‐19 era. In addition to ventilators and blood thinners, continuous vacuum aspiration devices, clot retrieval devices, retrievable stents (European CE mark approved, U.S. FDA cleared),[^25^](#jon12770-bib-0025){ref-type="ref"}, [^56^](#jon12770-bib-0056){ref-type="ref"}, [^57^](#jon12770-bib-0057){ref-type="ref"} or cyclical vacuum aspiration devices (European CE mark approved) to remove blood clots need to be considered for the emergent management of life‐threatening blood clots due to COVID‐19 including pulmonary emboli and large vessel strokes.[^50^](#jon12770-bib-0050){ref-type="ref"} Finally, the appropriate resources and staffing needs for hospitals and stroke centers including for emergency rooms, neuroimaging studies, neurocritical care units, and stroke interventional labs need to considered in the era of the COVID‐19 pandemic.[^60^](#jon12770-bib-0060){ref-type="ref"}, [^61^](#jon12770-bib-0061){ref-type="ref"}
